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Abstract
Power systems have been developing over the past few decades, especially in terms of
increasing efficiency and reliability, as well as in meeting the recent rapid growth in de-
mand. Therefore, High Voltage Direct Current (HVDC) systems are considered to be one
of the most promising and important contenders in shaping the future of modern power
systems. A number of trends demonstrate the need to implement Multi-terminal Direct
Current (MTDC) systems, including the integration into the conventional grid of renew-
able energy resources such as photovoltaic (PV) and offshore wind farms. The transmission
of power from or to remote areas, such as the North Sea in Europe, is another initiative
that is required in order to meet the high demand for power. The interconnection be-
tween countries with different levels of frequencies over a long distance is a fundamental
application of HVDC grids as well as hybrid AC/DC transmission systems. The industry
has also played an essential role in the accelerated progress in power electronics devices
regarding cost and quality. Consequently, Voltage Source Converter based-High Voltage
Direct Current (VSC-HVDC) systems has recently attracted considerable attention in the
research community. This type of HVDC systems has a significant advantage over the
classic Current Source Converter based-HVDC (CSC-HVDC) in terms of the independent
control of both active and reactive power. Since VSC-HVDC is now being implemented in
various applications, this requires a close examination of the behavior of both the economic
and operational issues of both VSC-HVDC stations and MT-HVDC systems.
This thesis proposes an optimal power-sharing control of MT-HVDC systems using
a hierarchical control structure. In the proposed control scheme, the primary control
is decentralized and operated by a DC voltage droop control. This method regulates
the voltage source converters (VSCs) and guarantees a stable DC voltage throughout the
system even in the presence of sudden changes in power flow. A centralized optimal power
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flow (OPF) is implemented in the secondary control to set the droop gains, and voltage
settings in order to fulfil a multi-objective function. This aims at minimizing the losses in
DC grid lines and converter stations by an optimization algorithm, namely Semidefinite
Programming (SDP). Therefore, an optimal power-sharing result is achieved taking into
consideration the losses of both transmission lines and converters, as well as failure intervals
of the system. The proposed control scheme was tested on a modified CIGRE B4 DC grid
test system based on the PSCAD/EMTDC and MATLAB in which the primary control
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The integration of Renewable Energy Sources (RESs) into conventional AC grids has in-
duced a revolution and a significant shift in the direction of power systems in recent years.
This trend was driven by two major factors, namely the rapid growth of demand and a
higher level of greenhouse gas emissions into the atmosphere. Offshore wind farms and
photovoltaic energy are the most promising and widely-used RES types around the world,
and the efficiency of these sources mainly depends on where and how they are installed [3].
In 2018, the European Union (EU) installed more wind energy capacity than any other
form of electricity generation. Solar power electricity generation has increased rapidly in
recent years in the EU-27 countries, doubling from 2007 to 2017 from 0.7% to 12.3% of net
electricity production [1] [4].
Consequently, High-Voltage Direct Current (HVDC) systems are considered to be a
substantial solution to the high penetration of RES due to several reasons. The location of
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Figure 1.1: Wind and solar energy shares in Europe [1]
wind farms, such as generation projects in the North Sea in Europe, has stimulated the need
to transmit power from or to remote areas over long distances with the aim of minimizing
losses [5]. The advancements of power electronic devices in industry and technology have
led to the expansion of HVDC systems in terms of quality and cost. In order to meet the
increasing demand of various countries in the same region, HVDC transmission systems are
used to interconnect between asynchronous AC systems with different frequencies, unlike a
traditional AC connection. An HVDC connection is an efficient and economical alternative
in terms of employing solar and wind energy due to minimizing power transmission losses
and voltage conversion stages [6–9].
1.2 MT VSC-HVDC Systems
Multi-terminal HVDC-VSC based systems are the ultimate choice regarding the scope of
this thesis. This was determined according to several aspects, starting from HVDC over
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high voltage alternating current (HVAC), VSC-HVDC over LCC-HVDC, and MTDC over
a point-to-point HVDC connection.
As the primary starting point, high voltage (HV) is the most common type in trans-
mission systems because of the reduction of line losses compared to medium voltage (MV).
• From a power flow control perspective, an HVDC connection can control the power
flow direction and magnitude by changing either the voltage polarity or the current
direction, while an HVAC connection needs particular equipments, such as unified
power flow control (UPFC) in order to change the power flow. Transmission lines
in HVDC systems do not have distance limits nor reactive power loss in contrast to
HVAC where transmission lines have capacitive and inductive impedances. HVDC
systems also have the ability to carry a higher amount of power for any size of
conductor.
• From a stability perspective, HVAC is more likely to be unstable compared to HVDC
systems with regard to all the operational and thermal limits whereas HVDC systems
improve stability for their connection and also for interconnecting AC grids.
• From an economical perspective, HVDC overhead lines are more cost effective than
HVAC when the transmission exceeds certain distance. HVDC systems can deliver
power to areas where the demand is high and new generators cannot be installed.
They can also increase the capacity of existing AC transmission systems. HVDC
connections among AC systems do not require synchronization and also have a lower
number of voltage conversion stages in comparison to HVAC connections [10–12].
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Classical HVDC systems primarily depend on line commutated converters (LCCs)
which are based on thyristors. Notwithstanding the aforementioned advantages in the
previous section, LCCs:
• Lack the ability to reverse the current direction.
• Require and consume reactive power
• Supply only active loads.
• Have a high possibility of commutation failure [5, 13,14].
These limitations, alongside the overall cost of LCCs, have introduced the Voltage
Source Converter (VSC) into the field of HVDC systems. VSCs, which are based on an
insulated gate bipolar transistor (IGBT) with an anti-parallel diode, are self-commutated
converters, unlike LCCs [15]. VSCs can independently control active and reactive power,
and have the ability to reverse power flow direction without the need to change the DC
voltage polarity [16,17].
As previously mentioned, HVDC grid applications include the transmission of power
over long distances and interconnection among asynchronous AC systems. These applica-
tions demand a high level of power which usually cannot be met by a one or two-terminal
HVDC system, also known as classic HVDC systems. Hence, MTDC VSC-based grids have
the edge over the aforementioned HVDC structures in regards to cost, reliability, and abil-
ity to handle expected expansion in distribution systems to meet the demand growth [18].
The flexibility to control the power flow within the grid is a significant advantage that is
profoundly needed by power electricity markets and power operators. Power quality can be
improved by controlling the AC system voltage through the reactive power of VSC-HVDC
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stations. Short circuit faults on the AC side have a negligible effect on the DC side because
the converter can operate regardless of AC sources [19].
1.3 Thesis Motivation
Power grids were dominated by AC transmission systems for the past few decades until the
rise in implementing renewable resources into traditional AC networks. This rise caused
DC grids to gain considerable attention in the research community over the last few years
as the demand of power has had a rapid and positive upward slope. The challenges of
integrating distributed generations (DGs) have also incited this interest with the boost in
the industry of power electronics, especially VSCs. One of the most important applications
of MTDC systems is transmitting power that is generated from offshore wind farms or
onshore AC systems. As a result, MTDC grids have no reactive power compensation and
fewer of the conversion steps which are needed to collect a large amount of power from
remote areas. This amount of power has to be shared among a multi-terminal HVDC
system based on a desired share in order to: minimize grid losses; increase penetration of
RESs; and operate within the system limits such as voltage regulation limits, rated power
of VSCs and the capacity of lines. Power sharing among multi-terminal HVDC systems has
been investigated in various studies in order to fulfill the previous objectives. However,
the losses of both lines and converters have not been considered. Therefore, this thesis
proposes an optimal power sharing control of MTDC systems based on droop control and
Optimal Power Flow (OPF) as the primary and secondary control, respectively.
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1.4 Thesis Contributions
This thesis has many research objectives which can be summarized as follows:
• To study and evaluate the behaviour of the voltage source converter in terms of the
working principle, power flow, and configurations.
• To use and analyze various control techniques to operate a detailed VSC model in
an MTDC system.
• To introduce a new hierarchical control scheme which includes a droop voltage control
in the primary level and using Semidefinite Programming (SDP) as a secondary
control technique to solve the OPF problem.
• To optimize the power sharing process among MTDC terminals by taking into con-
sideration the losses of lines and converters.
• To test and validate the proposed control technique using a modified CIGRE B4 DC
grid test system.
1.5 Thesis Organization
The organization of the rest of this thesis is described as follows:
• Chapter 2 presents the background and a literature review of the voltage source
converter (VSC) in terms of the working principle, design, and the power flow model.
In addition, control techniques of the VSC are described and analyzed as well as all
of the different configurations of VSC stations in HVDC systems.
6
• Chapter 3 provides an overview of power sharing control in MT-HVDC VSC-based
systems. An up-to-date literature survey is conducted regarding the proposed control
scheme, and its formulation is explained through the chapter.
• Chapter 4 illustrates the simulation results of the proposed scheme in which a number
of cases are presented to show the verification of the control strategy in MTDC
systems.
• Chapter 5 presents the conclusion of the thesis and suggests future work in the area.
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Chapter 2
Modelling and Control of MTDC
VSC-based Systems
This chapter presents a general overview and important aspects of MTDC VSC-based
systems. The concept of the VSC is first addressed along with its operation process.
Secondly, a description and explanation of the control design and modelling of the VSC
are provided. Finally, different HVDC-VSC configurations are investigated and compared.
2.1 VSC Station
In order to explain the VSC concept, the topology of both DC-DC-converters and buck
and boost converters should be introduced since the VSC is a combination of both. Boost
(step-up) and buck (step-down) DC-DC converters are shown in Figure 2.1, where it can
be seen that they both have the same components, namely an inductance, diode, capacitor,
and a switch, but in different structures. Switching control signals play a crucial part in the
8
Figure 2.1: (a) Buck converter (b) Boost converters
operation of these converters since the current cannot be conducted unless the switches are
forward biased. The output (Vo) and input (Vi) voltage is mainly controlled by a switching
signal, called the switch duty ratio (D), which is defined as the ratio of the ON duration
to the switching time period (Tsf ) [20].
Vo = DonVin (2.1)









where fs is the switching frequency, and the relationships in Equation 2.3 and Equation 2.4
are shown in Figure 2.2.
A bidirectional DC-DC converter can be composed by incorporating the buck and boost
converters since they have a unidirectional power flow. This combination of a bidirectional
9
Figure 2.2: Switching ON and OFF states
Figure 2.3: Half bridge converter
power flow converter requires an equality relationship between the input and output voltage
as shown in the following equation:
Vo = DonVi = (1−Doff )Vi (2.5)
Figure 2.3 demonstrates the new topology of combining buck and boost converters
after splitting the DC capacitor into two, and the output voltage into two halves, which
forms the design of a half bridge converter. Applying a sinusoidal pulse width modulation
(PWM) to the bidirectional converter makes a half bridge single phase converter, and three
of these converters connected in parallel constructs a three-phase bidirectional converter,
namely a voltage source converter (VSC) as shown in Figure 2.4. As can be seen from
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Figure 2.4: Voltage source converter
the name, the DC voltage polarity is fixed, which indicates that the power direction is
controlled by the direction of the current.
The (IGBT) is one of the most important components of the VSC station due to
its unique characteristics such as the ability to turn both ON and OFF, and including a
controllable gate. The IGBT is a unidirectional switch that operates only when the current
flows from the collector (C) to the emitter (E). The operation of this device combines
the Bipolar Junction Transistor (BJT) in terms of the reduction of losses when turned
ON, and the Metal Oxide Semiconductor Field Effect Transistor (MOSFET) in terms of
the simplicity of gate drivers. The IGBT also has superiority over the other types of
transistors in terms of switching speed and safe operating area. Parallel-connected IGBTs
are required in order to meet high current levels since these devices are implemented in
HVDC applications. Similarly, series-connected IGBTs are required to handle high voltage
and power ratings alongside the minimization of losses [21].
Pulse Width Modulation (PWM) is used in VSC-HVDC systems to generate switching
signals in order to control the gates of IGBTs in the converter. This occurs by comparing a
sinusoidal control signal Vcont with a triangular waveform Vtri to produce an output voltage
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waveform that is independent from the AC system. The ratio of the peak value of Vcont





As a result of comparing both signals Vcont and Vtri, duty cycles of the switching signals
in which the upper switches are ON when the control signal is greater than the triangular
waveform, and the lower switches are ON when the triangular waveform is greater than
the control signal.
Vcont >Vtri −→ Supper are ON
Vcont <Vtri −→ Slower are ON
(2.7)
The VSC-HVDC station has a basic operation principle, which is that each converter in
the system is represented by the AC voltage source that is connected to the AC transmission
lines via series impedances. In this scenario, the VSC acts as a fast controllable synchronous





where ω is the fundamental frequency, and δ is the phase shift of the output voltage. The
variables M and δ in the previous equation are independently controlled using PWM to set
the voltage magnitude and phase angle. Thus, the voltage difference between the converter
and the AC grid causes the power transfer, and can be controlled by these variables. The
phase angle δ regulates the flow of active power; whereas, the reactive power is governed











A two-level VSC with sinusoidal PWM and high voltage levels is employed in this thesis,
and its modelling consists of a single IGBT and diode. The IGBT is a completely-controlled
device that can only conducts the current in one direction, so an anti-parallel diode is con-
nected in order to allow the current to flow to the opposite direction. The main components
of a VSC station are listed as follows:
1. Transformer.
Because they are located between the main AC grid and the converter, transformers
either step up or step down the voltage to an acceptable level for the converter.
Moreover, in this application, transformers usually have a simple connection, e.g.
two windings.
2. AC filter.
The switching of IGBTs causes the AC voltage to include harmonics that need to be
eliminated. Therefore, high-pass filters are installed to protect the AC system from
any unexpected disturbances while in operation or communication, especially caused
by high order harmonics.
3. Phase reactor.
Phase reactors have the ability to regulate flowing-through currents that control the
flow of active and reactive power. In addition, characteristics of both active and
reactive power are set according to the reactor’s voltage. Phase reactors can act
as AC filters in terms of minimizing the currents’ frequency harmonics due to the
switching of the converter.
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4. DC capacitors.
Two capacitors, of the same size, are placed on the DC side in order to control power
flow by acting as an energy storage, and to grant the off-current to flow in line with
low inductance. This current may have some harmonics as a result of the switching
process of the VSC leading to a potential DC voltage ripple. The design and size of
these capacitors are determined by the anticipated level of both the DC voltage and
its ripple. Disturbances, such as faults, in the AC side have to be considered in the
design as well as the steady state of the system because these disturbances may cause
oscillations and over-voltages in the DC side. A small size capacitor is implemented
and represented by a time constant τ , which is the ratio between the energy stored







This time constant has the same value as the time consumed by the capacitor to
charge from zero to the level of Vdc under the condition of the converter receiving
power that is equal to the active power part of S [23].
2.3 VSC Power Flow Model
One of the main objectives of the VSC station is to link AC grids with DC grids especially in
MTDC system applications. This connection occurs using a phase reactor and filter that are
connected to the AC grid through a transformer that allows power to flow bidirectionally.
The direction of power flow determines the VSC mode of operation in which the converter
works as an inverter when the active power is delivered to the AC grid from the DC grid.
In contrast, the VSC acts as a rectifier if the active power flows from the AC grid to the
14
Figure 2.5: A single line diagram of a VSC
DC grid. The equivalent single phase model of the VSC is shown in Figure 2.5 where
all the main components are illustrated with the directions of power flow. Starting from
the converter side, the VSC is a controllable AC voltage source Vconv = Vconv∠δconv as
stated in section 2.1, followed by the phase reactor, which is donated by an impedance
Zpr = Rpr + jXpr , while 1/Zpr = Gpr + jBpr is the admittance of the phase reactor.
The susceptance Bf represents the low pass filter that is connected to the AC grid via
a transformer with its impedance Ztr = Rtr + jXtr, and admittance 1/Ztr = Gtr + jBtr.
The voltage at the grid side is donated by Vgrid = Vgrid∠δgrid, whereas the filter voltage is
Vf = Vf∠δf . The equations of the active and reactive power at the AC grid side and the
converter side are expressed, respectively, as [24]:
Pgrid = −V 2gridGtr + VgridVf [Gtr cos(δgrid − δf ) +Btr sin(δgrid − δf )] (2.12)
Qgrid = V
2
gridBtr + VgridVf [Gtr sin(δgrid − δf )−Btr cos(δgrid − δf )] (2.13)
Pconv = V
2
convGpr − VfVc [Gpr cos(δf − δc)−Bpr sin(δgrid − δconv)] (2.14)
Qconv = −V 2convBpr + VfVc [Gpr sin(δf − δc) +Bpr cos(δgrid − δconv)] (2.15)




f Gtr − VfVgrid [Gtr cos(δgrid − δf )−Btr sin(δgrid − δf )] (2.16)
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Qgpr = −V 2f Btr + VfVgrid [Gtr sin(δgrid − δf ) +Btr cos(δgrid − δf )] (2.17)
Qf = −V 2f Bf (2.18)
The active and reactive power equations of the phase reactor are:
Pcpr = −V 2f Gpr + VfVconv [Gpr cos(δf − δconv) +Bpr sin(δf − δconv] (2.19)
Qcpr = V
2
f Bpr + VfVconv [Gpr sin(δf − δconv)−Bpr cos(δf − δconv] (2.20)
2.4 VSC Control Techniques
The control aspect of VSC-HVDC systems can be summarized as the control of the transfer
of energy between the input and output side. Specifically, the control of transferred power
is the objective of VSC-HVDC systems with the ability to independently control active
and reactive power.
A number of control techniques have been used for VSC-HVDC systems, two of which
will be discussed since they are the most common methods.
2.4.1 Direct Power Control
Firstly, the Direct Power Control (DPC) technique implements predicated virtual flux
vector for the control loop along with the instantaneous active and reactive power control
loops. This strategy, which lacks PWM switching and inner current control loops, instead
uses the instantaneous difference between the required and estimated values of active and
reactive power for the switching process [25]. Accordingly, DPC is not a preferred control
method in terms of the need for fast and instantaneous calculations, and the incapability
of an independent power control.
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2.4.2 Vector Control
Secondly, vector control has the ability to independently control active and reactive power
especially for PWM converters. The vectors of both the current and voltage remain con-
stant in steady state and, in the case of errors, a proportional integral (PI) controller is
implemented. Axis transformations are being used by vector control in order to model
three-phase systems as described in the following paragraph.
Vector control consists of a two-step transformation, starting from the three-phase
stationary to the d-q rotating coordinate system with the aim of representing the quantities
of AC voltages and currents. Clark transformation is first used to transform the three-phase
vectors with a 120◦phase shift into a two-phase (α - β) stationary system. The α-axis is
aligned with the first phase a-axis, and the β-axis is placed vertically on the three-phase
vectors, forming a 90◦ with the a-axis, as shown in Figure 2.6.
Figure 2.6: ABC, and α-β reference frames
The mathematical model of Clark transformation of voltages is explained in Equa-
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tion 2.21 to Equation 2.24, and the same applies for currents.
Va + Vb + Vc = 0 (2.21)
Vα = Va cos(0) + Vb cos(120) + Vc cos(120)










Vβ = Va cos(90) + Vb cos(30) + Vc cos(150)































If the value of k in Equation 2.24 equals 2/3, as expressed in Equation 2.25, the voltage
magnitude of α-β frame is equal to the voltage magnitude of the abc frame, and can be

























as derived in Equation 2.26, the power of the abc
frame is equivalent to the power of the α-β frame, and this transformation can be called
power invariant.







































In the second stage, Park transformation is implemented to convert the stationary α-β
to the synchronous rotating d-q frame based on a synchronous speed w, and the rotor angle
















































Figure 2.8: The VSC station
Therefore, vector control for a VSC requires a mathematical model in the dq frame,
which begins by applying Kirchhoff’s Voltage Law (KVL) between the converter station
and the main AC grid, including converter input voltage V convabc , resistance R, inductance L,
and the grids’ voltages V gridabc and currents iabc in the abc frame, as depicted in Equation 2.30
and Figure 2.8.
V gridabc − V
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Using Equations 2.30, 2.31, 2.32, and 2.33, the new formulation of the KVL equation in



























= −Riq − wLid + V gridq − V convq
(2.36)
where w is the AC angular frequency at the grid side.
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The active power of the grid input has an equal relationship with the DC output as ex-
pressed below:
P griddq = Pdc
3
2








The dq rotating frame has the d-axis aligned with the AC grid voltage phasor, using a













As can be seen in Equation 2.41, two parts of the currents in the d and q axes have been
defined based on the transformation to the dq frame system. This implies the ability to
independently control active and reactive power where id manages the amount of active
power that is required from the system, whereas iq regulates the levels of reactive power.
The angle θ, as previously mentioned, is needed for the transformation between the
α-β and dq frames. This angle is located between the d-axis of the dq rotating frame and








where Vα and Vβ represent the voltage coordinates in α-β frame system. The value of
the angle is determined by a PLL, which is a circuit used to synchronize a local voltage-
controlled oscillator (VSO) with an input signal, and which also guarantees this VSO to
have the same frequency and be in phase with the input. A PLL is not required in the
case of connecting the VSC-HVDC to a passive grid since there is no synchronization issue
22
Figure 2.9: The main components of a PLL
if only one AC source exists in the system. In contrast, connecting an active AC grid
to a VSC-HVDC station demands a frequency and phase synchronization at the point of
common coupling (PCC). The main components of a PLL are shown in Figure 2.9.
A decoupled control of active and reactive power, which is one of the major advantages
of vector control, requires a cascade control scheme. This control includes inner, outer, and
PI controllers in which the inner current control is the output of the outer controllers. These
outer controllers consist of DC voltage control, active power control, AC voltage control,
and reactive power control. The active current has a reference value that is governed by
the DC voltage and active power controllers. However, the reference reactive current is set
by the AC voltage and reactive power controllers.
2.4.3 The Inner Current Controller
The operation and layout of the inner current control for the VSC station is shown in
Figure 2.10 and based on the relationships in Equation 2.36 [26–29]. This equation contains
cross-coupling and nonlinear terms that need to be eliminated in order to prevent any
possible disturbance in the control system. As a result, a feed forward term in the controller
loop is implemented to cancel the coupling effect caused by the inductance. The presence
of PI controllers in the loop is essential in order to eliminate the dominant poles of the
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Figure 2.10: The inner and outer controllers
VSC by the zeroes of the PI controllers. After rearranging the terms of Equation 2.36:











The two main equations of the PI controllers are:












where Kpi is the proportional gain and Tc is the integral time constant, and the reference
output voltage of the PI controller is:







Since the converter is considered to be an ideal transformer that has a time delay, the
output voltage can expressed as:
V conv(s) = V convref (s)
1
1 + Td · s
(2.46)
24
where Td is the time delay, which equals half of the switching time.










1 + Td · s
(2.47)
By implementing Equation 2.47, the currents id and iq have separate inner current con-
trollers that lead to two reference values for the voltage:









1 + Td · s









1 + Td · s
(2.48)
With the use of separate controllers, the currents in Equation 2.43 are not independent
because they are controlled by the disturbance of cross-coupling inductance from wLiq,




q , as well as the effect of the converters’ voltages
V convd and V
conv
q . Consequently, a negative feedback control and grid voltages feed-forward
terms are necessary to attain an improved control and overall performance [30].
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− wLid + V gridq
(2.49)
Using Equations 2.43, 2.46, and 2.49, the two axes’ currents id and iq can be independently
controlled by the addition of feed-forward compensations, which is the main feature of
vector control.









By applying Laplace transformation:




































1 + s · τ
(2.53)
Transforming this equation to per unit representation has to begin with Equation 2.51:
L · s · ipud (s) · Ib +R · i
pu
d (s) · Ib = V
conv,pu
d · Vb (2.54)
L · s · ipud (s) ·
Ib
Vb
+R · ipud (s) ·
Ib
Vb
= V conv,pud (2.55)
Lpu
wb
· s · ipud (s) +Rpu · i
pu





· s · ipud (s) +Rpu · i
pu























1 + τpu · s
(2.59)
PI controllers in a VSC-HVDC follow the same process as electric drives in terms of the
tuning operation. These controllers must be tuned in order to achieve the best possible
optimal operation outcome by increasing the response speed of the system. The modulus
optimum method is used to tune the PI controllers in the inner control loop. When the
transfer function has one dominant pole and second minor pole, the modulus optimum
technique is performed by eliminating the dominant pole using the controller zero which is
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Figure 2.11: A flowchart of the inner controller
the integral time constant in this case. Based on Equations 2.45, 2.47, and 2.59 as shown

















1 + s · τpu
)
(2.60)
The dominant pole of the transfer function is cancelled by the zero of the controller due





s · (1 + Td · s)
(2.61)
By applying the unity gain condition, the proportional gain of the controller is:
|TO.L.(s)| =
∣∣∣∣ Kpupτpu ·Rpu · 1s · (1 + Td · s)
∣∣∣∣ (2.62)







where wco is the cutoff frequency. The time constant is:
Tc = τpu (2.64)
From Equation 2.61, the closed loop transfer function can be written as:
TC.L.(s) =
1
2T 2d · s2 + 2Td · s+ 1
(2.65)
27
2.4.4 The Outer Controllers
The outer controllers in the VSC include active power control, reactive power control, AC
voltage control at the PCC, and DC voltage at the DC bus, as illustrated in Figure 2.10.
The active current id is implemented to control the active power flow and DC voltage level,
whereas the reactive current iq regulates the reactive power and AC voltage.
Active and reactive power control loops in the outer control controllers are represented
and based on Equation 2.40 and Equation 2.41 [26, 27]. PI controllers are used in both
loops in order to reach a better control in which the irefd is the output of the active power
controller, and irefq is the reactive power’s output based on the scope of this thesis, as
shown in Figure 2.10. These outputs have limits in order to control the current in the VSC
station where irefd is limited by ±imax, and irefq is limited by ±iqmax as well as the condition




(imax)2 − (irefd )2
(2.66)
The DC voltage controller principle is based on the power balance equation of the VSC
station:
Pac + Pdc + Pcap = 0
3
2
Vdid + VdcIdc + Vdcicap = 0
(2.67)
where Idc is the current at the DC bus, and icap is the current flowing through the capacitor



























From Equation 2.70, the Idc term is replaced by a feed-forward in the DC voltage controller,
which is completely regulated by the active current id.
The PI equations in the DC voltage outer controller are given as follows:












where Kpi, Kv, and Tv are the voltage parameters of the PI controllers.
irefdc (s) =
[























· id − IL (2.74)
Equation 2.74 is a nonlinear equation that requires linearization using a Taylor series.
This expansion depends on one variable, which is the reference voltage input V refdc , and by































































The DC voltage controller aims to achievie power balance conditions by regulating the
capacitor current ic. In other words, ic equals zero when the conditions are fulfilled;







The per unit representation of the power balance equation in Equation 2.73 and its ex-









V pudc · V basedc
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pu
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The PI controller is tuned based on the modulus optimum technique when the open
transfer function has a dominant and a minor pole. In contrast, when the open transfer
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Figure 2.12: A flowchart of the outer controller
function has a pole near or at the origin, the symmetrical optimum technique is imple-
mented instead of the modulus optimum. The symmetrical optimum technique can be
defined as an optimization approach in which a controller demands the frequency response
to be within the range of low frequency systems. The main advantage of the symmetrical
optimum over other methods is its ability to maximize the phase margin. This feature is
necessary for systems where delays and disturbances are frequent.
The open loop transfer function of the system is presented in a per unit expression as
well as in terms of PI controllers, the inner current controller, and the system dynamics,





















Teq = 2Td (2.83)
∠TO.L.(s) = −180◦ + tan−1(wTv)− tan−1(wTeq)
∠TO.L.(s) = −180◦ + φm
(2.84)
where φm is the phase margin that its maximum value can be obtained when φm is differ-






























Consequently, Equation 2.86 can be written as:
∠φm = ϑ− (90− ϑ) (2.88)
Using Equations 2.86, 2.87, and 2.88, the time constant of the controller is expressed as:






The proportional gain is determined based on the unity gain condition.
|TO.L.(s)| =











· wb · Cpu
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The closed loop transfer function of the DC voltage controller is:
TC.L.(s) =
1 + a2 · Teq · s
1 + a2 · Teq · s+ a3 · T 2eq · s2 + a3 · T 3eq · s3
(2.92)
where a is the distance between 1/Tv to w, and from w to 1/Teq.
The AC voltage controller depends on the KVL equation across the line reactor:
V refgrid − Vconv = X · iconv
















As can be seen in Equation 2.93, the imaginary part of the equation has a minor impact
on V refgrid, and ( wlr) in most AC systems; therefore, V
ref






The operation of the AC voltage controller can be summarized based on Equation 2.41
and Equation 2.94.
2.5 VSC-HVDC Configurations
The implementation of VSC-HVDC connections of two or more terminals has growing
applications, such as interconnecting between renewable energy sources and AC systems,
and transmitting power from or to offshore areas, which results in a number of various
structures for HVDC systems. These arrangements differ in converters locations, lines,
and advantages, based on function and cost.
2.5.1 A Monopolar HVDC system
This configuration has two main types, as listed below:
1. An Asymmetric Monopole
An asymmetric monopole connection is a single conductor that separates two con-
verters with either a positive or negative DC voltage, as shown in Figure 2.13. The
return current in this configuration can use the ground or a metallic return conductor
as a path.
33
Figure 2.13: An asymmetric monopole HVDC system
Figure 2.14: A symmetric monopole HVDC system
2. A Symmetric Monopole
A symmetric monopole has two conductors with opposite DC voltage polarity, and
a mid-point ground at the DC side that has no flowing current during normal con-
ditions as demonstrated in Figure 2.14. In the case of a fault between the one of the
conductors and the ground, the DC side will receive no current from the AC side.
2.5.2 A Bipolar HVDC system
The bipolar connection has four converters, and two insulated conductors with a different
voltage polarity, as illustrated in Figure 2.15. Both these two poles can be grounded, which
allows them to work independently. This means that both poles have equal current with no
ground current under normal operation whereas, in abnormal conditions, one of the poles
can operate its two converters solely and use the ground as a path. Thus, the reliability of
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Figure 2.15: A bipolar HVDC system
this configuration is higher, but it is not cost-effective.
2.5.3 A Multi-Terminal HVDC System
This arrangement has more than two converters that are separated by long transmission
lines and placed over a large geographical area. The primary aim of this type is to provide
more reliability as well as being cost and operation efficient.
2.6 Per-Unit Representation
A per-unit system is needed to simplify the design and use of different controllers in VSC-
HVDC systems. This system is based on the peak values of voltage and current as well
as the power rating. In VSC-based systems, the p.u. conversation in the dq frame is
categorized into two parts based on the sides of the VSC station: AC and DC terms, as
shown in Table 2.1.
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Table 2.1: P.U. quantities
AC side





























Power Sharing Control in MTDC
VSC-based Systems and the
Proposed Control Strategy1
One of the major applications of MTDC systems is to integrate renewable energy sources,
such as offshore wind farms, into onshore AC grids as well as implemented in distribution
systems, which results in a wide range of possible benefits. MTDC systems in these types
of applications transmit power from the generation stage to AC grids at the end side in
order to guarantee a suitable power sharing among different stations that are connected
to the MTDC system. Achieving a desired power sharing level is considered to be a
significant challenge in MTDC systems due to the complexity of the system and device
1A part of this section has been published in:
Khaled Alshammari, Hasan Alrajhi Alsiraji, and Ramadan El Shatshat. Optimal Power Flow in Multi-
Terminal HVDC Systems. 2018 IEEE Electrical Power and Energy Conference, EPEC 2018, pages 1-6,
2018
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level issues. From the system level, the process of power sharing among MTDC stations
must be performed under the conditions of a balanced power, while maintaining the DC
voltage level within acceptable limits in order to operate a stable system. At the device
level, power sharing methods provide converters with predefined or fixed values that have
to be satisfied, which may cause overloading in some parts of the system.
Power sharing schemes are used in MTDC systems to fulfil certain objectives such as
minimizing transmission line losses, prioritizing specific converters, and varying the amount
of power sharing.
Although many methods have been implemented to operate and control power sharing
among MTDC terminals, the main and most commonly used techniques can be classified
into five types. These five types are described in Sections 3.1-3.5 below.
3.1 Master-Slave Control
In this technique, the DC voltage regulation across the system is the task of one centralized
converter, known as the master converter. This converter operates in constant voltage
mode, whereas the other converters, named slave converters, work in constant power mode.
The outer control loop of the master converter regulates the DC voltage level, and the other
converters govern the power flow in the system. These constant-power converters receive
their power reference values from the master converter using OPF calculations, while the
master converter has a reference DC voltage value that must be within system constraints
[31–34]. The major drawbacks of implementing the master-slave method include the need
for fast communication and reliability since this method adopts a centralized scheme and
fast communication is required between the master and slave converters to reach a proper
power balance and sharing. This method cannot be used in a large-scale system due to the
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presence of one voltage-regulating converter. In order to overcome any possible outages or
over-limit cases, the master converter should operate with high rated power which causes
an increase in cost and losses.
3.2 Voltage Margin Control
The voltage margin voltage technique is an alternative master-slave control in which the
master converter can be replaced by multiple converters to control the DC voltage in the
system. In normal operations, the master converter regulates the DC voltage, while the
remaining converters work in constant power mode. However, the other converters, which
are back-up converters, start to regulate the DC voltage in the case of a master converter
failure and operate within local voltages and power ratings [35]. The operation of voltage
margin control can be explained as the master converter maintains the DC voltage level
at a certain voltage point (V1) but, in the case of an outage, the DC voltage either rises
or drops. When the DC voltage rises, the terminal with a higher reference voltage point
(V2) stops working in constant power mode and starts to govern the DC voltage across
the system as shown in Figure 3.1. In the case of a voltage drop, the station with the
lower voltage reference acts as the DC voltage regulator. Therefore, this technique can
be operated without the need for communication among terminals regarding the use of
predefined voltage and power reference values [36]. Hence, the difference between voltage
references of the master converter and other backup converters is the voltage margin, as






In a two-stage voltage margin control, voltage and power-controlled converters are oper-
ated based on upper and lower power limits in order to transfer power within the system.
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Figure 3.1: Voltage margin control
The maximum DC current sets these limits while taking power flow conditions into consid-
eration. This scheme has the edge over one-stage margin voltage control in terms of using
one backup converter that can act as master converter in a voltage rise and drop cases.
This method has a number of disadvantages, such as the issue that only fixed power
sharing is implemented and transient response is slow due to the presence of multiple
control loops. Using more voltage and power references provides more flexibility to the
system; nevertheless, this causes more complexity in terms of the method dynamics.
3.3 Droop Control
The voltage droop control is considered to be the DC alternative of power-frequency droop
control in AC systems where the frequency is generally the indication of a stable AC grid.
The same applies to DC voltage in DC grids. Specifically, any rise or drop in frequency is
driven by load changes on the consumer side. Similarly, the DC voltage level in an MTDC
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system is triggered by a power increase or decrease that requires the VSC stations to
balance the difference by adjusting their current. The power flow between the terminals of
the MTDC system is mainly affected by the voltage level throughout the grid. Therefore,
the voltage droop control regulates the DC voltage among the terminals under the condition
of achieving power balance in the entire system. Using a decentralized approach, droop
control allows two or more converters to regulate the DC voltage based on specific droop
characteristics, while the remainder of the converters work as constant power terminals [37].
Droop control improves the system reliability since all the droop terminals can regulate
the DC voltage. This is a significant advantage especially when there is an outage in a
station since the system remains in operation regardless of the outage. Low-rated power
terminals are implemented for large power balances throughout the system since all droop
stations share the voltage and power control. One the contrary, one of the main disadvan-
tages of droop control is that the power sharing among the system terminals depends on the
DC voltage differences which results in an unsuitable power flow. Therefore, the proposed
control strategy in thesis applies a secondary control level to overcome the aforementioned
drawback.
3.4 Priority Control
This method can be defined as a master-slave control with droop-controlled terminals or a
combination of constant-voltage and droop control techniques. Priority control is so named
since it gives priority to one station over other stations in terms of gaining power until the
maximum predefined value is reached. In normal operations, the priority station operates
in constant voltage mode, and regulates the DC voltage in the system. However, the other
terminals work in constant power mode with droop control. In abnormal circumstances,
41
the high priority terminal, which may have an outage or may exceed the power limit, starts
to work in constant power mode, which results in an increase in the DC voltage, causing the
rest of the converters to work in droop control and to regulate the DC voltage. Specifically,
the DC voltage reaches the minimum voltage limit of the second terminal, which is higher
than the maximum voltage limit of the priority terminal, and the second station acts as
the voltage regulator [38,39].
Priority control requires high voltage rated terminals that work with droop control to
operate without the need of communication. Therefore, the cost of all terminals, with the
exception of the high priority terminal, is higher than other control techniques. Systems
with many terminals cannot implement priority control due to the difficulty of the design
and operation on a large scale. The approach of using designated stations may cause an
inefficient use of the entire system capabilities.
3.5 Ratio Control
Ratio control is a droop control with a ratio between voltage-controlled terminals for the
purpose of sharing all the generated power in the system [40]. This approach provides
the ability to change the droop slope in order to control the power-sharing ratio among
terminals that regulates the DC voltage, unlike the droop control method. In the case
of an MTDC system with two VSCs at the grid side, the first terminal has fixed droop
characteristics, whereas the second VSC has flexible droop characteristics in order to meet













n · (R1 −R2) + nk1
(3.2)
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where n is the power ratio, R is the resistance of the DC cables, and k1 and k2 are the droop
characteristics of VSC1 and VSC2. This equation shows that the power ratio between the
two VSCs has to be the same value n.
Ratio control has several drawbacks, including the effect of the DC cables’ resistance
that may vary due to temperature, which causes imprecise power ratio. In addition, this
method has a complex mathematical approach, especially with the calculation of a high
number of power ratios within large systems.
3.6 VSC Station Losses
HVDC-based VSC systems are mainly employed in transmission stages of power systems
due to the development of power electronics devices, and the ability to transfer power over
long distances. Using a VSC station has numerous advantages, including the high and
independent controllability of both active and reactive powers as well as the bidirectional
power flow. In contrast, VSC stations carry several disadvantages, such as lower power
capability compared to LCC. However, because of its effect on operational and power
sharing efficiency, the most important disadvantage concerns the issue of losses. These
losses can be defined as the sum of each component loss in the VSC station. The main
components regarding losses are described in the following sections.
3.6.1 Transformer
Transformers are almost the same in AC and HVDC systems with the exception of har-
monics caused by the VSC current. Losses in transformers are primarily divided into two
types: load losses and no-load losses.
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Load losses, also known as copper or winding losses, are the simplest form of losses
whereby a higher current level and higher resistance lead to higher losses. These losses
are mainly caused by several reasons such as the DC resistance of the windings, and the
current carrying the harmonics through the windings. In contrast, no-load losses, namely
core or iron losses, which are created by the variations in the flux, include two major kinds:
eddy losses, which occur in the material of the core and hysteresis Losses, which refers to
the power dissipated in the form of heat because of the change of magnetic field across
the core. The presence of leakage of the magnetic flux results in a small amount of losses
known as stray losses.
3.6.2 AC Filter
An AC filter, which is used to redirect the VSC harmonic current to the ground, consists
of capacitance, inductance and resistance. The high-pass filter is the most common type in
which the resistance and inductance are connected in parallel. The components of a high-
pass filter play an important role in the number of losses. The capacitor losses are solely
affected by its Equivalent Series Resistance (ESR), whereas the power losses of resistance
are based on the square value of the current flowing through the resistance.
3.6.3 Phase Reactor
A phase reactor is designed to separate the AC frequency from the PWM signal, partic-
ularly to cancel the effect of high frequency disturbance using a series connection. This
connection contains a reactance in series with a resistance, and the losses in the phase
reactor are in the form of the dissipated power across the resistance.
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3.6.4 Valves Consisting of IGBT’s and Anti-Parallel Diodes
Valve losses represent the higher amount of losses in a VSC station, and switching and
conduction losses are considered to be the main types.
3.6.5 DC Capacitor
Since DC capacitors lessen the effect of harmonics ripple, the losses in capacitors are mainly
dependent on the harmonic current.
3.6.6 VSC Loss Model
A generalized loss model is presented, including all the main components of the VSC
station, and used in the reminder of the thesis [41]. This model is also implemented in the
load flow calculations, and in the control scheme technique. The data were based on the
the Södra Länken HVDC Light R© link, which was rated at 600 MW and a DC voltage of
±300 kV , operating at a power factor of 1. The losses in this model can be categorized
into constant terms, and dependent terms on the phase reactor current Ip, either linearly
or quadratically. Ip is calculated based on the active and reactive power that is delivered








This current has an upper limit, which is:
|Ic| ≤ Imaxc (3.4)
Constant losses include transformer no-load losses, load losses, and filter losses, which are
0.36 MW , 1.26 MW , and 5 MW , respectively. Linear-dependent losses on the value of Ip
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are represented by the equation:
P linearloss = 3× 600V × Ip (3.5)
Quadratic-dependent losses are divided based on the operation of the converter. Rec-
tification or inversion, and the relationship of these losses, are described in:
P squareloss,rec = 3× 0.66Ω× I
2
p




The overall losses of the converter under nominal conditions are 1.72% in case of a
rectification mode, which is 10.34 MW based on the ratings of the aforementioned VSC.
In contrast, the converter has 1.81% of losses when the VSC operates as an inverter, which
results in 10.86 MW . Therefore, the VSC station losses are a function of the phase reactor
current, and are represented by the following equation:
P convloss = a+ b · Ip + c · I2p (3.7)
where a,b, and c are positive coefficients in which a is the total transformer losses, b
represents the linear-dependent losses, and c is the overall quadratic-dependent losses.
3.7 The Proposed Control Scheme
A hierarchical control scheme, which is shown in Figure 3.2, consists of an upper control
and a lower control in order to achieve an optimal power-sharing control. The lower control
level, which is the primary control, operates locally in each VSC station. In this thesis,
the primary control is the DC voltage droop control. This control is responsible for both
DC voltage levels and power balance across the system. The voltage-droop controlled
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Figure 3.2: The proposed control scheme
terminals in the system share power based on predefined power shares. In the lower
control, an optimization algorithm, namely, SDP, is implemented as a secondary control
that operates globally to set the droop characteristics and voltage settings in order to meet
a multi-objective function that enhances the accuracy of power sharing in the primary
level. The OPF problem is solved using CVX, a package for specifying and solving convex
programs [42,43].
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A generalized voltage droop control technique is presented in [44] for DC voltage control
and power sharing in VSC-MTDC systems. This technique acts as the primary control in
a two-layer hierarchical control system and operates in three different modes: conventional
voltage droop control; fixed active power control; and fixed dc voltage control. In [45], the
authors included dead-band in an enhanced DC voltage droop control method for MTDC
systems. This method differs from previous DC voltage droop control techniques in which
the VSC stations are categorized into four groups, where each group has its own voltage
margin and dead-band. Therefore, the VSC stations can operate based on new power-
voltage characteristics selected by the droop control method. A voltage droop control was
implemented in [46] for VSC-HVDC transmission systems with offshore wind farms. The
Lyapunov theory was used to set the converters parameters in order to optimize power
sharing and stabilize the DC voltage of the system.
The authors in [47] presented a hierarchical control approach for MTDC where the
primary controller is decentralized with a generalized voltage droop method, whereas the
secondary control is a centralized controller with an OPF that has the transmission losses
as its only parameter of the objective function. In addition, the secondary controller has to
set the reference values of the primary without compromising the stability of the system.
In order to achieve this, a central regulator is introduced with a closed loop integral control.
In comparison, in [48], the hierarchical control of meshed MTDC systems was addressed
by introducing a novel algorithm to solve the optimal power flow of DC systems. This
algorithm is based on a distributed approach where the aim is to replace the conventional
centralized secondary control of MTDC systems. Therefore, this approach induces each
node in the system to solve its own objective function, and also to self-coordinate and
corporate with the rest of the system. These steps are required in order to reach a global
optimum operating point. In addition, the authors in [49] proposed a hierarchical control
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to minimize the losses in a hybrid MTDC transmission system with wind farms. The
optimal power flow control of a 6-terminal hybrid MTDC system consists of two layers, the
first of which is the upper layer, where optimal power flow calculations occur, and which
provides the droop control with the necessary references. The second layer is lower, the
droop control, which is responsible for stabilizing the DC voltage across the system.
In voltage source converter-based HVDC systems, several techniques have been pro-
posed to solve the OPF problem. The second-order cone programming (SOCP) method
was used in [50], where the active power of the converter determines its losses while the
work conducted in [51] compared SOCP to SDP relaxation technique for DC systems.
Furthermore, the SOCP relaxation method has solved the OPF in resistive networks in
comparison with the SDP approach [52]. In [53], the sequential quadratic programming
method was implemented to solve the OPF in HVDC-connected offshore wind farms. The
interior point method was presented in [54] and [55] while the Newton-Raphson algorithm
was studied in [56].
Using the aforementioned methods, it is difficult to obtain a global optimal solution
from local optimal solutions. As a consequence, the SDP technique has been drawing
considerable attention in recent years. In [57], the SDP relaxation technique was used to
solve the OPF for cyclic networks, especially weakly-cyclic networks. The author in [58]
presented the OPF formulation for both the bus injection model (BIM) and the branch
flow model (BFM) as well as to prove that these two models are equivalent. In [59], the
OPF problems was solved for AC-DC grids, including converter losses, and a modified
IEEE 118-bus test system was used to approve the results. The necessary conditions for
SDP in radial and meshed networks have also been investigated in an attempt to solve
the OPF problem [60]. The dual problem of a reformulated OPF problem was presented
in [61] as an SDP optimization where the duality gap is zero. In [62], SDP was implemented
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to decompose the joint OPF and Electric-Vehicle (EV) charging problem using a nested
optimization approach. Furthermore, SDP was applied across different fields, such as
economic dispatch [63], the hydrothermal coordination optimization problem [64], and
unit commitment [65].
3.7.1 Primary Control
DC droop voltage control is necessary in MTDC systems since the difference in the voltage
ratings among the terminals affects the power flow among them. Unlike AC systems where
the same voltage ratings are used across the system, terminals of MTDC systems have
various voltage levels to provoke the power flow in the DC grid. DC droop control can be
defined as a combination of two control modes, namely constant power and constant voltage
modes, in which the DC voltage level and the power balance are maintained throughout the
system. From the DC voltage droop in Figure 3.3, the steady state equations of the droop
voltage control can be described by a proportional control to maintain the DC voltage level
by operating as an input to a constant power control, presented, respectively, as [66, 67]:






where Vref and Pref are the voltage and power reference values, respectively, and V and
P are the measured voltage and power, respectively. k is the proportional gain which can
set the ratio of the DC voltage regulation among all the droop-controlled terminals in the





where Prated and Vrated represent the rated power and voltage of the droop-controlled sta-
tion. λ is the slope in Figure 3.3 that donates the ratio of the DC voltage change to the
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power change forming the droop gain. In the previous equations, the DC voltage references
are updated using a secondary OPF control in order to fulfill a multi-objective function.
The case illustrated in Figure 3.3 is the basic operation principle of DC voltage droop
control whereby the system has four terminals in which VSC1 and VSC2 are droop-
controlled stations, while VSC3 and VSC4 work as constant power stations. This system





When VSC3 and VSC4 start injecting more power, droop-controlled terminals shift the
system to a new equilibrium at point B, which leads the DC voltage to increase. Therefore,
VSC1 and VSC2 have to adapt to the new level of power, and change their power share
contribution percentage. To the contrary, when the DC voltage drops, VSC1 and VSC2
increase the amount of injected power to the DC grid.
Figure 3.3: Droop control
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3.7.2 Secondary Control
One of the main advantages of MTDC systems is the efficient transmission of power, espe-
cially renewable-produced power, over long distances. Efficiency is achieved by minimizing
the transmission line and converter losses that are used in the process. As a result, mini-
mizing these losses is included in the objective function of the secondary level control. A
significant difference between the OPF and traditional power flow is the former’s ability
to control the system using both equality and inequality constraints, and the basic form of
OPF is:
Min f(u, x) (3.10)
subject to
g(u, x) = 0
h(u, x) ≤ 0
where
u = vector of m control variables
x = vector of n state variables
f : <m ×<n → < is the objective functions
g : <m ×<n → <n is the equality constraints function
h : <m ×<n → <n is the inequality constraints function
The objective function of this OPF problem includes the generation cost and the total










i + biPi + ci (3.11)
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where i is the number of the generator and NG is the total number of generators in the
system, including the slack bus, whereas Pi represents the amount of active power at bus i.
The number of buses is N , and ai, bi, and ci express the positive coefficients of the quadratic
function. In the following equations, capital letters define matrices while lower letters are
variables or constants. The total losses of the system are essentially the difference between
the total power injected at the generation side and the total power received at the demand















where T is the number of AC/DC terminals (T ⊆ N), the DC admittance matrix is
defined by Y , and the HVDC lines are addressed by (x, z) ⊆ N × N . Many equations and




















v2x − (vx − vz)
zxz
(3.18)
− hxz(max) ≤ hxz ≤ hxz(max) (3.19)
vmin ≤ v ≤ vmax (3.20)
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pinmin ≤ pin ≤ pinmax (3.21)
where Equation 3.14, and Equation 3.15 are the AC/DC converter losses, and the converter
current, respectively, as previously mentioned in subsection 3.6.6. The slack bus voltage is
addressed in Equation 3.16 ,while Equation Equation 3.17 is the power balance equation in
terms of the injected power of the AC/DC converter. Equation 3.18 is the power flowing
through the HVDC lines, and the constraints on the power flowing through these lines
are defined by Equation 3.19. The acceptable voltage and power bounds on the AC/DC
converter are represented by Equation 3.20, and Equation 3.21, respectively.
Therefore, the objective function of the model is:
f = Gcost + Ptotal loss (3.22)
This multi-objective function is subject to a set of equality and inequality constraints that
are listed and explained below:
Pi − PDi =
n∑
j=1
|Vi||Vj||Yij|cos(θij + δj − δi), i 6= j,∀i ∈ N (3.23)
Qi −QDi = −
n∑
j=1
|Vi||Vj||Yij|sin(θij + δj − δi), i 6= j,∀i ∈ N (3.24)
where Pi and Qi are active and reactive power generated at bus i, and PDi and QDi are
the demand active and reactive power at bus i, respectively. The voltage magnitudes at
bus i and j are represented by Vi and Vj , respectively, and Yij is the admittance between
buses i and j. θ and δ are the angles of the Y parameters and bus voltage in the model,
respectively. The following inequality constraints include the generator active and reactive
power limits, voltage magnitude, and the bound on apparent power.
PMini ≤ Pi ≤ PMaxi ,∀i ∈ NG (3.25)
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QMini ≤ Qi ≤ QMaxi ,∀i ∈ NG (3.26)
V Mini ≤ |Vi| ≤ V Maxi ,∀i = 1, ..., N (3.27)
|Sft| ≤ SMaxft (3.28)
The problem of nonlinearity and non-convexity can be seen above in both equations and
constraints. Applying traditional solving techniques does not guarantee the global solution
for which SDP is formulated and investigated. SDP is a technique that uses a symmetric
matrix in order to optimize a linear objective function that is subject to linear constraints,
the main constraint of which is that the matrix has to be positive semidefinite. This
algorithm has the edge over many methods in terms of ability to handle a large number of
variables and the time required to solve the problem. Furthermore, its capability to achieve
a global solution is considered as the most important advantage. These combined features
have resulted in increased research and employment of SDP in power systems. The basic
formulation of SDP is [68]:
Minimize Trace(C ·W ) (3.29)
subject to
A ·W = B (3.30)
W D 0 (3.31)
where C represents the losses, or is selected based on the objective function, and W is the
key variable, which is a positive and asymmetric matrix (D), unlike linear programming
where the optimization variable is a vector. The constraints are represented by A and B.
Two cases in this section are modelled and investigated, the first of which is the SDP
formulation of OPF, regardless of the AC/DC converter losses. The matrix W needs to be
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defined:
W = X ·XT (3.32)
where W is a rank one positive and a symmetric matrix, and X is a column vector.
The objective function in SDP terms is:
Ptotal loss = Tr(Y ·W ) (3.33)
subject to
(vmin)
2 · Ô ≤ W ≤ (vmax)2 · Ô (3.34)
Pin = Diag(Y ·W ) + (D ·Minc) (3.35)
H = A(D) · vec(W ) (3.36)
Pinmin ≤ Pin ≤ Pinmax (3.37)
−Hmax ≤ H ≤ Hmax (3.38)
rank(W ) = 1 (3.39)
W D 0 (3.40)
where pin, and hxz, as previously mentioned, act as entries for column vectors Pin and H.
Ô is an all-one matrix, Diag represents the main diagonal, and Minc is a reduced incidence
matrix, whereas A(D) is a matrix that complies with Equation 3.18.
The second case that is investigated is that the AC/DC converter losses are added to
the objective function.




2 · Ô ≤ W ≤ (vmax)2 · Ô (3.42)
H = A(D) · vec(W ) (3.43)
pac ≥ α + β · Ic + γ · I2c (3.44)
Pin = Diag(Y ·W ) + (D ·Minc) + Pac (3.45)
Pinmin ≤ Pin ≤ Pinmax (3.46)
−Hmax ≤ H ≤ Hmax (3.47)
rank(W ) = 1 (3.48)




In this chapter, an optimal power-sharing control is presented and tested. The control
strategy implements a voltage droop control and an OPF as a lower and upper control,
respectively, in which the OPF algorithm optimizes the droop values to reach an optimal
power sharing, and to meet the multi-objective function. These objectives include mini-
mizing the losses of transmission lines and converters using the SDP algorithm in order to
obtain a global solution, unlike other techniques that achieve local solutions. This chapter
will cover the dynamics of the system, including the DC voltage, active power, and the
accuracy of power sharing during steady state and transient situations. The simulation
results were simultaneously modelled and tested in PSCAD/EMTDC and Matlab environ-
ments in which the primary control and HVDC components were modelled in PSCAD,
while the secondary control was executed in Matlab as shown in Figure 4.1.
A modified CIGRE B4 DC grid test system was used to test the proposed control
method [2]. This system consists of five VSC terminals and long transmission DC lines
forming a MTDC grid, as shown in Figure 4.2. Three VSC stations, designated as VSC1,
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Figure 4.1: Matlab and PSCAD/EMTDC co-simulation setup
VSC2, and VSC3, are set to operate as constant DC voltage regulators under the droop
control method and in an inversion mode. These three converters link the main onshore
AC grid with the DC grid, and have to balance the difference between the generators and
the loads of the system. However, the other two terminals, designated as VSC4 and VSC5,
which are wind farms that are connected to offshore AC buses, operate as constant active
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Figure 4.2: A modified CIGRE B4 DC grid test system [2]
power control stations and in a rectification mode. The droop-controlled terminals in the
system are connected to stiff AC systems where the AC voltage level at the PCC is constant
regardless of the magnitude and direction of active and reactive power. These systems are
modelled by an ideal three-phase AC source. The other terminals are connected to offshore
AC buses in order to integrate offshore wind farms that work as constant-power sources.
The proposed control scheme is verified and compared in this chapter based on three cases:
operating under voltage droop control only; applying both primary and secondary control;
and performing under an outage in one of the droop-controlled terminals. In all cases,
three factors are the main focus of this thesis, namely DC voltage level, active power flow,
and the losses of transmission lines and converters. Specifically, the DC voltage level is the
most important since it is the validation of stability in MTDC systems. Table 4 shows the
parameters of the MTDC system, including voltage and power ratings as well as lines.
The tuning process of the system controllers, as mentioned in Chapter 2, is explained
as follows:
The inner current controller uses the modulus optimum method to tune the PI con-
trollers in order to achieve a fast response in terms of input reference values. The integral
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Table 4.1: Parameters of the MTDC System
Parameter Value
Converter Rated Power 100 MVA
Line-Line Voltage 24.5 KVrms
DC Voltage 50 KV
AC Side Resistance 0.06 Ω
AC Side Inductance 0.0048 H
DC Side Capacitance 400 µF
Switching Frequency 5 KHz
time constant Tc is calculated based on Equation 2.64:
Tc = 0.0133s (4.1)
The proportional gain of the controller is determined by Equation 2.63:
Kpi ≈ 4 (4.2)
The controllers of active and reactive power are tuned by the symmetrical optimum
method where the the integral time constant Tv and the proportional gain Kpi are based
on Equation 2.89, and Equation 2.91, respectively:
Tv ≈ 0.0266s (4.3)
Kpi = 0.43 (4.4)
In the following cases, the system has a good transient response performance due to the
accurate tuning of PI controllers which cancels the need for a start up transient control. In
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this analysis, two main study cases are discussed: the first case demonstrates the behaviour
of the system under the primary control only, whereas both the primary and secondary
control are employed in the second case. These cases are examined according to power
increase by the wind farms in steps of 50%, 80%, and 100% of the total injected power,
which is 140 MW to validate the proposed control approach.
4.1 Case I: Using Primary Control Only Under Nor-
mal Operations
This case solely operates under primary control which implies that the power sharing
between all the terminals is governed by the droop gains. All the bus system work at their
nominal voltage initially, which leads to no power flow in the system from 0 s until 0.5
s. The active power delivered to the DC grid by the input power converters VSC4 and
VSC5 is shared among the voltage droop-controlled terminals according to the following
percentages: 40%, 40%, and 20% for VSC1,VSC3, and VSC2, respectively.
At 0.5 s, VSC4 and VSC5 inject a total power of 70 MW , which causes a power
imbalance that results in a voltage deviation in the system. In this case, this deviation
triggers only the voltage droop control at the lower level of the control scheme. The power
shared between VSC1,VSC2, and VSC5 is determined by the droop gain of each terminal,
which is not equal in this case.
At 3.5 s, VSC4 and VSC5 starts to increase their total power to 30% in addition to the
existing 50%. This increase affects the contribution of the droop-controlled terminals in
terms of the power sharing level and system stability by reaching a new equilibrium point.
At 6.5 s, VSC4, and VSC5 reach the maximum injected power, which is 140 MW .
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VSC1, VSC2 and VSC3 keep the system stable regarding the DC voltage and power flow
among the terminals, despite the changes in loads. The droop-controlled stations work
constantly in order to adapt to the new level of power sharing with the dual aim of equal
power sharing and keeping a constant DC voltage at 50 kV until the end of the simulation
time 10 s.
The voltage is constant and stable throughout the MTDC system during the scenario,
as can be seen in Figure 4.3. This is a reflection of the system stability, dynamics, and
the ability to adapt by reaching a new equilibrium point at each case. The changes of
power, and voltage in VSC1, and VSC3, and the power sharing among the droop-controlled
terminals, are shown in Figure 4.3, Figure 4.4, Figure 4.5, and Figure 4.6. Table shows all
the scenarios, including the voltage and power values across the system.

















DC Voltage at VSC1

















DC Voltage at VSC2

















DC Voltage at VSC3
Figure 4.3: Voltage level at VSC1, VSC2, and VSC3 in Case 1
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DC Voltage at VSC4

















DC Voltage at VSC5
Figure 4.4: Voltage level at VSC4, and VSC5 in Case 1















Power Level at VSC1















Power Level at VSC2















Power Level at VSC3
Figure 4.5: Power performance at VSC1, VSC2, and VSC3 in Case 1
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Power Level at VSC4
















Power Level at VSC5
Figure 4.6: Power performance at VSC4, and VSC5
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4.2 Case II: Using the Proposed Control Technique
Under Normal Operations
This case illustrates the combination of the primary and secondary control in terms of
operating in coordination with each other, and at the same time. The same sequence
of events is implemented as the previous cases in order to show the differences when
the secondary control is used. The proposed OPF in the secondary control is enabled
to illustrate the arrangement between the primary and secondary control with the same
sequence of actions as Case I. Moreover, the accuracy of power sharing among the terminals
is investigated to examine the effect of the system losses, including the transmission lines
and converters losses. The produced active power by the offshore wind farms, VSC4 and
VSC5, is increased in steps until their rated power is reached. The output power terminals,
VSC1, VSC2, and VSC3, share the imported power based on predefined shared values. An
optimal power-sharing control requires the droop gains, and voltage reference settings to
be determined according to the secondary control. This secondary control optimizes the
process of power sharing by eliminating the influence of DC grid lines, and converters losses
in addition to meeting a specific multi-objective function.
At t = 0.5 s, terminals 4, and 5 supply power at the 50% level of the total generated
power. The grid-connected terminals follow the same desired shares of power of 40%, 40%,
and 20% for VSC1, VSC3, and VSC2, respectively. The controllers of these terminals
receive voltage droop-reference settings according to power shares, power delivered, and
the droop gains.
At t = 3.5 s, 80% of the total power generated by wind farms is delivered by VSC4, and
VSC5. The secondary control level updates the values of voltage references in the droop-
controlled converters based on the available power in order to obtain a new equilibrium
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point. The percentage of power sharing among VSC1, VSC2, and VSC3 stays the same
as the agreement, despite the change in input power. Furthermore, the DC voltage level
across all the terminals is kept constant, and within the acceptable limits.
At t = 6.5 s, VSC4, and VSC5 now operate according to their rated power; in other
words, all the generated power from the wind farms is delivered to the DC grid. The output
power terminals are governed by the secondary control to achieve an accurate power-sharing
percentage regardless of the sudden increase of power in the DC grid. Figure 4.7, Figure 4.8,
Figure 4.9, and Figure 4.10 summarize the results of the case across the system parameters.

















DC Voltage at VSC1

















DC Voltage at VSC2

















DC Voltage at VSC3
Figure 4.7: Voltage level at VSC1, VSC2, and VSC3
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DC Voltage at VSC4

















DC Voltage at VSC5
Figure 4.8: Voltage level at VSC4, and VSC5















Power Level at VSC1















Power Level at VSC2















Power Level at VSC3
Figure 4.9: Power performance at VSC1, VSC2, and VSC3
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Power Level at VSC5
Figure 4.10: Power performance at VSC4, and VSC5
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4.2.1 Using the Proposed Control for Equal Power Sharing
In this case, equal power sharing is implemented between the droop-controlled terminals
where the same sequence of events as the previous case is used to test the system. It starts
with all the terminals working under theoretical voltage ratings but, after 0.5 s, 50% of the
injected power from the wind farms is switched on at VSC4 and VSC5. These terminals
then produce an extra 30% at 3.5 s in which the droop gains of VSC1, VSC2 and VSC3
are set to share the power equally and maintain a good performance through the variations
of power from the wind farms terminals. The performance of the voltage and power in the
grid is summarized in table and in Figure 4.11, Figure 4.12, Figure 4.13, and Figure 4.14.
The effect of changing the load in steps can also be seen. The values of power sharing
among VSC1, VSC2, and VSC3 agree with the theoretical estimation.

















DC Voltage at VSC1

















DC Voltage at VSC2

















DC Voltage at VSC3
Figure 4.11: Voltage level at VSC1, VSC2, and VSC3
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DC Voltage at VSC4

















DC Voltage at VSC5
Figure 4.12: Voltage level at VSC4, and VSC5
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Power Level at VSC3
Figure 4.13: Power performance at VSC1, VSC2, and VSC3
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Power Level at VSC5
Figure 4.14: Power performance at VSC4, and VSC5
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4.2.2 Using the Proposed Control During a Terminal Outage
This case study is a demonstration of the system behaviour during an unexpected terminal
outage where the DC voltage level, power sharing among droop-controlled terminals, and
the overall stability of the system are investigated. The case follows the same sequence of
actions as the first case except at 3.5 s when VSC3 is disconnected from the system. A
terminal outage in MTDC systems is defined as one where the terminal stops consuming
power, which leads the other terminals to consume power and operate at their maximum
ratings. This case shows the stability of the system in terms of keeping a constant DC
voltage and sharing power based on the predefined droop gains, as shown in Figure 4.15,
Figure 4.16, Figure 4.17, and Figure 4.18. The system is still in a continuous state from
Case I and it can be seen that VSC1 and VSC2 are in control of the power sharing
percentage of VSC3 at the moment when it is out of the system. Although the voltage
level across the grid is distributed, it is sustained within the acceptable limits. At 6.5 s,
VSC3 is back online, and the system now operates based on the droop gain in terms of
power sharing. The voltage ratings remain stable.
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DC Voltage at VSC1

















DC Voltage at VSC2

















DC Voltage at VSC3
Figure 4.15: Voltage level at VSC1, VSC2, and VSC3

















DC Voltage at VSC4

















DC Voltage at VSC5
Figure 4.16: Voltage level at VSC4, and VSC5
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Power Level at VSC3
Figure 4.17: Power performance at VSC1, VSC2, and VSC3
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Power Level at VSC5
Figure 4.18: Power performance at VSC4, and VSC5
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Chapter 5
Conclusion and Future Work
5.1 Conclusion
This thesis proposes an optimal power sharing control of MT-HVDC VSC-based systems
using a hierarchical control structure in which DC voltage droop control is implemented
at the primary level, and SDP is used at the secondary level of the control. The proposed
control technique aims at reaching an accurate power sharing among MTDC terminals
while considering the losses of converters, and transmission lines. From the device level,
the VSC is addressed in terms of the operational process and the main components. In
addition, the VSC station is described thoroughly in a mathematical model to obtain a
better understanding of the power flow between the main AC grid and the DC grid through
the VSC terminal. The control aspect of HVDC VSC-based systems has also been proven in
order to achieve an independent control of the active and reactive power that is considered
to be one of the most important advantages of the VSC. This occurs using a cascade control
scheme that consists of an inner current controller, PI, and outer controllers. One of the
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main targets of this thesis, namely the losses of the converters, are studied based on each
component of the VSC as well as a generalized loss model. From the system level, power
sharing techniques among MTDC terminals are discussed and compared resulting in the
adoption of a DC voltage droop control as the primary control in the system. A secondary
control is based on the SDP optimization method whose model has been modified to add
the transmission lines, and converters losses into the formulation. Simulation results show
the verification of the proposed control scheme for MTDC systems with the integration of
offshore wind farms. This control scheme is tested in terms of efficiency and robustness by
applying a power increase in steps, and a terminal failure. These conditions demonstrate
the stability of the system alongside the accuracy of power sharing, and the constant level
of DC voltage. This thesis uses a modified CIGRE B4 DC grid test system that consists
of two offshore wind farms and three droop-controlled terminals connected to onshore AC
grids. The proposed control has been simultaneously simulated in the PSCAD/EMTDC
and Matlab environments.
5.2 Future Work
• Applying the proposed control technique to a larger scale test system as well as
different configurations of HVDC systems.
• Studying the effect of using unbalanced AC sources since the AC side in this thesis
is considered to be a balance AC source.
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